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ABSTRACT

We earlier reported the measured decrease of electrical resistivity during
isochronalannealing of ion irradiation damage that was accumulated at low
temperature (10 or 20K), drthe temperature dependence of the resistance of defect
populations produced by lctemperature damaggccumulation and annealing in a
stabilizedd-phase plutonium alloy, Pu(3&8%Ga)[L]. We noted that the temperature
dependence of the resistance of defects resulting frorrtéomperature damage
accumulation and subsequent annealing exhibits(®) temperature dependence
suggestive of a Kondo imyity. A discussion of a possible “structupgoperty” effect,
as it might relate to the nature of thephase of Pu, is presented.

INTRODUCTION

It has recently been shown, through an analysis of magnetic susceptibility and
electrical resistivity dataf 5-stabilized plutoniumZ], that the hypothesis of a Kondo
effect [3] (Tk~200-300K) in &-plutonium is extant, thus implying that 5f electrons are
localized as in the case of other known concentrated Kondo systems. However,
although explaining the origiof the anomalous resistivity ig+stabilized Pu(Al), the
first principles origin of the “stabilized” or the pure fcc Bephase remains as an
unsolved problem. Recent theoretical wodk, [based on dynamical mean field theory
(DMFT), suggests that th&phase and the-phase of plutonium are two sides of the f
electron delocalizatiotocalization knifeedge, total energies differing by only a few
10" of an eV. In this picture, the-phase is not a weakly correlated phase; it is just
slightly on the déocalized side of the localizatiedelocalization transition. Here, the
d-phase is intrinsically stable while the allsyabilized fcc binary alloys (e.g., Pu(Al) or
Pu(Ga)) are the consequence of a “destabilization” obtfphase by small amounts of
impurities. In this presentation we will suggest a new related mechanism of defect
based spin mediation stabilization of the puresFehase due tequilibriumvacancies,
predicated on our discovery of Kondi@&e impurity behavior fomon-equilibrium
vacances ind-phase Pu(Ga).



EXPERIMENTAL DETAILS

We report on the restively measured isochronal annealingpo and temperature
dependence of the resistivity, . of annealed defect populations resulting from low
temperature (10K to 20K) accumulated idamage in the stabilized fcc delta
Pu(3.3at%Ga) (figurel). Isochronal annealing curves from damage accumulation of
seltirradiation (thea decay of plutonium) and from 3.8MeV proton irradiations were
measured and compared with combined moleedlaramic and kinetieMonte-Carlo
simulations (MDKMC). As a result, we discovered a strong inverse temperature
dependence of the resistance of specific defect populations that we produced by damage
accumulation and subsequeartial annealing at 150 and 250K.

The similarity in the characteristics of the annealed vacancy population fer self
irradiation and proton irradiation in the specimen was surprising. The vacancy defect
population is shown in figur2 for three annealing temperatures. This analysis esalt
of the MD-KMS calculations that best describe the annealing data in figure

Damage populations resulting from le@mperature (10K) damagecumulation
were annealed at specific temperatures 30,150 and 250K producing internufede
populatiors. The temperature dependence of the resistance was measured by
invoking Matthiesson’s rule §. Hence, the defect resistance was measured by
subtracting the measured resistance of the defected specimen minus the resistance of the
same specimen in the fully annealed state as a function of ratupe. Of course,
experimental corrections were required to account for damage accumulated frem self
irradiation during the measurements. The specific resistivity of the defects in the 150K
and 250K populations was found to vary by a factor of ~8 okiertemperature range 150
to 10K. Referring to the MEKMC modeling in figure2, indicates that the defect

populations at 150K and 250K are described primarily as vacancy and small vacancy
clusters.
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Figure 1. Normalized isochronal annealing data for three®a)(damage&ccumulation experiments. The

red and green points (upper) are for 3.8 MeV proton irradiations and the (lower) black points are from a

self-irradiation from an average 5.05 MeV alpha decay of Pu. The approximate boundaries of the five
annealilg stages are indicated above.




The temperature dependence, Rf these vacancy dominated defect populations
(150K and 250K) follows a R =-an(T)+b dependence which can be seen for the data
in figure 3, and share a commdn(T) intercept, all of which is suggestive of a Kondo
like magnetic impurity at vacancy defect sites. We note, a systematic deviation from a
linear fit is observed in the vicinity of T=10K suggesting that the energy scale or Kondo
temperature is {<10K for vacancies and small vacancy cluster8-phase PuGa.

DISCUSSION

The consequences of this observation could be profound. It suggests that the
implied 5f localization in the neighborhood of vacancies, and possibly other dilations in
the lattice, results in localized magnetic behavior with a low Kondaopterature §<10K
compared to that determined earlier for buHphase PuAl of F~200-300K, the later
suggesting an intermediat@lence system?]. The question then is; is this the origin of
reduced metallic bonding? Might this be the structpreperty relationship oimpurity
that precipitates a more global electronic structure change leading to the “stabilization” of
the deltaphase, as suggested by Cooper angvodkers p]?
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Figure 2. The surviving vacancy population from a 10K soak followed by annealing at three
temperatures, 30, 150, and 250K for either-ggHdiation (s) or proton irradiation (p)The data is parsed
into cluster sizes. What is striking and unexpected is the similarity of the vacancy defect populations
between the two very different types of irradiation.



It is interesting to note that plutonium exhibits excessive relaxation about Ga sites
in 8-phase Pu(1 wt% Qd7]. While the Ga is found by EXAFS to be substitutional in
the fcc lattice, first neighbor Pu atoms are observed to be 3.7% contracted and second
nearest neighbors are 0.9% contracted. An estimate for this “free volume” between first
and second neiglalos is about 1/8 the volume of a lattice vacancy. Qualitatively this
points to the possibility that the physics leading to Koti#te behavior of stabilized
alloy may be related to the Kondo properties of fexuilibrium vacancies described
above, andftis speculation is consistent with the trend i as well.

Given the above, we posit the following structymeperty mechanism for the
stabilization of pure Pu in thé-phase. The transition to th&phase commences at
T=593K, while the melting point foPu is 913K. At 2/8' the melting point we estimate
an equilibrium vacancy population of at least #10Indeed, given the low value of the
EXAFS DebyeWaller factor measured for PRu bonds in stabilized-PuGa B], a
higher concentration of vacanciés lower formation enthalpy) might even be expected.
Thus, it is reasonable, but remains to be proven, that a small concentration of equilibrium
vacancies gives rise to the local sygites (Kondo impurities) that stabilize tleephase
of pure plutonium.
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Figure 3. The temperature dependence of two different defect populagi@nshown. The upper set of
points is for damage accumulated at 10K from$eHdiation and then annealed at 150K. The temper.
dependence for the second defect population is shown in the lower points and was a result of annealing, in

turn, at 250K. Note that the form of a Kondo impurity is given by, com [ 1+ (32J) InT/eg] wherec =
concentrationz = coordinationnumber J = exchange energy, . pv= strength of exchange scattering.



CONCLUSIONS

The low temperature phase diagram of plutonium and its compounds may very
well hold the answer to the origins of the many conflicting anomalies exhibited by Pu.
Recent work 9,10] has contributed more knowledge about the unusual and éxtaipt
nature of the ground state properties of Pu and the possible existence of a quantum
singularity at T=0K. Continued experimental progress, although challenging, should be
well worth the effort. Making direct experimental contact with isolated spimg local
moments extant in Pu and Pu compounds will be an important objective of future work.

Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contrac7®)5Eng48.

REFERENCES

=

M. J.Fluss,et al. “"Kondo Behavior of Defects from lofrradiation in Pu(Ga)”jn press,J of Alloys
and Compounds

S. MéotReymond and J.M. Fournied, Alloys and Compound232(1996) 119

J. Kondo,Prog. Theor. Phys32, (1964) 37; ibid Solid State Rysics,23,(1969) 184.
S. Y. Savrasov, G. Kotliar and E. Abrahan\ature 410, (2001) 793

A. Matthiesson and C. Vodinn. Phys., Lpzg122(1864) 19

J. D. Becker, B.R Cooper, J.M. Wills, L. Cpd. All. Comp.271 (1998) 367:ibid Phys. Re\B 58,
(1998) 5143.

L.E. Cox, R. Martinez, J.H. Nickel, S.D. Conradson, and P.G. AlRdrys. Rev B51 (1995) 751

8. P.G. Allen, A. L. Henderson, and E. R. Sylwester, P. E. A. Turchi, T. H. Shen, and G. F. Gallegos, C.
H. Booth,Phys. Rev B§5 (2002)

9. J.C. Lashley, J. Singleton, A. Migliori, J. B. Betts, R. A. Fisher, J. L. Smith, and R. J. McQueeney
Phys Rev Lef91 (20), (2003), #205901

10. J.J. Joyce,* J.M.Wills, T. Durakiewicz, M.T. Butterfield, E. Guziewicz, J. L. Sarrao, L. A. Morales,
andA. J. Arko, Phys Rev Let91 (17), (2003), # 176401

IR

~



